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INTRODUCTION
In light of the ongoing debate on the finite nature of phosphorus resources and potential future phosphorus scarcity [1] [2] [3] , land application of sewage sludge is promoted as one possible way of recycling nutrients and organic material to productive land, and by this means closing nutrient and carbon cycles. However, concerns are raised regarding the risks that land application of sewage sludge poses to human health and the environment. [4] [5] [6] [7] Of particular concern are inorganic pollutants (e.g., heavy metals), organic pollutants (e.g., industrial chemicals, pharmaceutical residues and hormones), and pathogens (e.g., bacteria, viruses and parasites).
Pathogen risk related to wastewater and sewage sludge management results from the exposure of humans to different pathogens through various exposure pathways. Note that strictly speaking, pathogen risk also results from the exposure of animals to different pathogens (e.g. foot-and-mouth disease, mad cow disease, and African swine fever). However, animals were not included as receptors of pathogens in this study. In any case, pathogen risk is commonly estimated through quantitative microbial risk assessment (QMRA). Chemical risk results in a similar way from the exposure of any kind of organism to different chemicals through various exposure pathways. This risk is commonly estimated through human health risk assessment for the exposure of humans, and ecological risk assessment for the exposure of ecosystems.
In recent times, considerable efforts have been made towards improving sludge quality by developing novel routes and technologies for wastewater and sewage sludge management. 8 The environmental performance of different management options is commonly evaluated using life cycle assessment (LCA). For a comprehensive review of LCA of wastewater management the reader is referred to Yoshida and colleagues 9 and Corominas and colleagues 10 . In LCA, Life Cycle Impact Assessment (LCIA) methodology translates resource use and emissions that occur in the life cycle of a product or service into potential impacts on the environment (including human health). Whilst LCIA methodology is under development for toxic effects of chemicals on human health (i.e. human toxicity) and ecosystems (i.e. ecotoxicity), the effects of pathogens are not currently considered in LCA. Many earlier QMRA studies assessing pathogen risk related to municipal wastewater and sewage sludge management 6, [11] [12] [13] [14] [15] [16] [17] [18] [19] calculated the probability of infection (or illness) per individual and event, or per individual and year, or the number of cases of infection (or illness) for each combination of pathogen and exposure pathway included in the respective study. These earlier studies did not address how the risks resulting from various pathogens and exposure pathways can be aggregated to a cumulative pathogen risk, and how this pathogen risk compares with other potential impacts on human health. The possibility of assessing the cumulative risk resulting from the exposure of humans to several pathogens through several exposure pathways would facilitate a meaningful comparison of the potential impact of pathogens on human health with other potential impacts on human health considered in LCA. Such assessment requires some kind of weighting or severity factor for each pathogen considered. Disability-adjusted life years (DALY) is a concept developed by the World Health Organisation 20 and includes both the years of life lost (YLL) and the years lived with disability (YLD) as a result of a given health problem. Both in LCIA and QMRA, expressing the burden of disease (related to pathogen or chemical risks) in DALY has been adopted as a way of weighting different potential impacts on human health. The burden of disease (in DALY) has for instance been calculated in several previous QMRA studies assessing pathogen risk related to recycled water schemes [21] [22] [23] [24] [25] [26] [27] , which suggests that a similar approach would be possible also in the context of municipal wastewater and sewage sludge management. The adoption of the DALY concept in both QMRA and LCIA furthermore suggests that it may be possible to integrate QMRA results in a LCA framework. Indeed, Aramaki and colleagues 28 contrasted the reduction of pathogen risk (on a local level) associated with the installation of an urban wastewater system with increased health risks (on a global level) resulting from construction and operation of the treatment plant; the respective study covered three pathogens and one exposure pathway (downstream water abstraction for drinking water production). The higher-level goal of this study was to explore the inclusion of pathogen risk in LCA with intent to compare the potential impacts of pathogens on human health with other potential impacts on human health commonly accounted for in LCA. More specifically, this study aimed at exploring the integration of QMRA in a LCA framework in the context of municipal wastewater and sewage sludge management. Whilst the approach followed in this study is similar to the approach of Aramaki and colleagues 28 , the present study is much more comprehensive in the coverage of pathogens and exposure pathways. This article is part 1 of an article series and reports on the estimation of cumulative pathogen risk associated with a model wastewater treatment system (WWTS) situated in an industrialized country. The comparison of pathogen risk with other potential impacts on human health considered in LCA is detailed in part 2 of this article series 29 .
METHODS
This study was based on eight previous QMRA studies [11] [12] [13] [14] [16] [17] [18] [19] on pathogen risk related to municipal wastewater and sewage sludge management. More details on these studies are provided in the Supporting Information (e.g., focus of the respective study, pathogens and exposure pathways covered, assessment endpoints applied). These studies formed the basis for estimating the overall pathogen-related burden of disease associated with a model WWTS. The model WWTS used in this study for the estimation of pathogen risk is based on the WWTS described by Westrell and colleagues 19 . This WWTS with 28,600 persons connected treats 12,500 m 3 wastewater per day on average and consists of primary and secondary treatment (activated sludge process with biological nitrification-denitrification and chemical phosphorus removal), tertiary treatment (constructed wetland), anaerobic sludge digestion, and land application of sewage sludge. The study by Westrell and colleagues 19 was chosen because it provided the most comprehensive set of exposure pathways including parameter values for exposure dose, exposure frequency, and number of persons affected. The set of exposure pathways considered by Westrell and colleagues 19 was complemented with exposure pathways reported in four other studies 14, [16] [17] [18] in order to increase the coverage of pathogens and exposure pathways.
Since not all studies reported results for all combinations of exposure pathway and pathogen, and not all studies reported the underlying models and parameter values, two estimation approaches were applied. First, risk estimates for different pathogens and exposure pathways reported in various previous QMRA studies were converted into burdens of disease (literature-based approach). Second, a QMRA model was built based on transport, fate, and exposure models described in previous QMRA studies (model-based approach). The results obtained through the two approaches were then combined in order to maximize the number of different combinations of pathogen and exposure pathway included in the estimation of the overall pathogen risk (expressed as burden of disease).
Estimating the overall burden of disease based on previous QMRA studies
The literature-based approach started from the probabilities of infection (or illness) per individual and event or per individual and year, or the number of cases of infection (or illness) reported in five previous QMRA studies 14, [16] [17] [18] [19] . The exposure pathways covered in the literature-based approach are indicated in Table 1 . The results reported in previous QMRA studies were converted to burdens of disease (in DALY) using the assumptions on exposure frequencies and individuals exposed reported by Westrell and colleagues 19 ( Table 1) and severity factors (i.e. burden of disease per case of infection or illness) taken from the literature [30] [31] [32] (for parameter values see Supporting Information).
Estimating the overall burden of disease based on a QMRA model
The model-based approach consisted of building a QMRA model starting from pathogen concentrations in raw wastewater, effluent, raw sewage sludge, and treated sewage sludge.
Hazard identification
The pathogens included in the QMRA model are those of common concern in wastewater and sewage sludge management. Bacteria considered are: Campylobacter, Salmonella, Listeria, and pathogenic Escherichia coli (usually strain O157:H7). Viruses considered are: Enterovirus (usually represented by Coxsackievirus), Rotavirus, Adenovirus, and Norovirus. Protozoans considered are Giardia and Cryptosporidum. Helminths play a minor role in industrialized countries. 33 The pathogens considered in this study are summarized in Table 2 .
Common receptors in QMRA studies assessing wastewater and sewage sludge management are adults and children, who are exposed to pathogens through accidental, intentional, or routine ingestion, inhalation, or dermal contact during occupational, recreational, or residential activities.
Exposure assessment
In QMRA, pathogens are tracked from the source through different compartments to specific receptors, thereby taking into account specific transport and exposure conditions. Transport and fate models describe how pathogens move from one compartment to another, whilst exposure models describe how pathogens move from compartments to receptors. In this study, the starting point for exposure assessment was raw wastewater, treated effluent, raw sewage sludge, and treated sewage sludge, respectively. An overview of the pathogen concentrations found in the literature [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] for the respective compartments is provided in the Supporting Information. The transport pathways of pathogens between different environmental compartments as well as the exposure pathways from environmental compartments to receptors are visualized in Figure 1 .
The most common type of transport and fate model are compartment models, which assume well-mixed homogeneous environmental compartments (i.e. pathogen concentrations are a function of time only). For the dispersion of aerosols in air, however, plume models are often applied that take into account that the distribution across the compartment is nonuniform (i.e. pathogen concentrations are a function of time and space). The compartment models used in this study were based on Brooks and colleagues 14 . The aerosol dispersion model was based on an empirical formula derived by Brooks and colleagues 11, 12, 14 . The calculation models for pathogen exposure through a given exposure pathway were also based on Brooks and colleagues 14 . More details on the transport, fate, and exposure models are provided in the Supporting Information.
Dose-response assessment
Dose-response models translate a pathogen dose into a probability of infection or illness. Pathogen dose per day as calculated during exposure assessment was converted into probabilities of infection or illness per day using dose-response relationships in the form of an exponential model or a beta-Poisson model. The parameter values used for dose-response assessment were taken from the literature [54] [55] [56] [57] [58] [59] [60] [61] [62] . More details on the dose-response models and the parameter values are provided in the Supporting Information.
Severity assessment
Probabilities of infection or illness per day were converted into burden of disease using severity factors (i.e. DALY per case of infection or illness) taken from the literature [30] [31] [32] . More details on the severity assessment and the parameter values are provided in the Supporting Information.
Triangulation of burden of disease estimates
The exposure pathways considered in the literature-based and the model-based approach are listed in Table 1 along with data from the literature on exposure frequency and individuals exposed. Note that not all combinations of pathogens and exposure pathways covered by the literature-based approach were covered by the model-based approach and vice versa. Figure 2 gives an overview of the coverage of the two respective approaches as well as the overlap between them. In order to obtain a burden of disease estimate that covers as many combinations of pathogen and exposure pathway as possible, the estimates obtained through the two approaches were combined, which allowed for a validation of results between the approaches for combinations of pathogens and exposure pathways covered by both. This concurrent validation and combination of methods will here be referred to as a triangulation. A lower and an upper boundary for the burden of disease associated with each combination of pathogen and exposure pathway was calculated based on the literature-based approach (i.e. five previous QMRA studies) and the model-based approach (i.e. QMRA model used in this study). The lower and upper boundaries were calculated as the geometric mean of the lower and the upper boundaries, respectively, of all (literature-based and model-based) burden of disease estimates featuring a specific combination of pathogen and exposure pathway.
Model implementation
The QMRA model was built both in MATLAB R2013a and in Microsoft Excel 2011 for reasons of model validation. The MATLAB version of the model was run as Monte Carlo simulations with 10,000 iterations. Pathogen concentrations were modeled so that the natural logarithm of the pathogen concentration followed a triangular distribution. All other parameter values were sampled from uniform distributions with upper and lower boundaries equivalent to the ranges provided in this article. The Excel version of the model did not support Monte Carlo simulation.
RESULTS
The literature-based and the model-based burden of disease estimates for distinct combinations of pathogen and exposure pathway were in good agreement with each other (i.e. overlapping ranges) for many of the combinations covered by both approaches (Figure 3) . Similarly, within the literature-based approach, there was good agreement between the results of different previous QMRA studies. However, for Salmonella (P05) and Giardia (P10) the model-based approach estimated a higher burden of disease than the literature-based approach for every single exposure pathway.
Based on the combination of both approaches, the total pathogen-related burden of disease for the model WWTS considered in this study was estimated to be in the order of 0.2 -9 DALY per year of operation for the population served (28,600 individuals), and for the combinations of exposure pathway and pathogen included in this study. Note that no severity factor expressing the burden of disease of an infection with Enterovirus could be found in the literature. As a result, Enterovirus is not included in the overall pathogen risk (expressed as burden of disease) reported in this study. If a severity factor of 0.0055 DALY per incidence (average of the respective parameter value for Norovirus, Adenovirus and Rotavirus) were used, the respective pathogen-related burden of disease would be in the order of 0.2 -11 DALY per year. In comparison, a one in a million risk of a lethal accident of an average individual (aged 40 with a life expectancy of 80 years) in the population served by the model WWTS would amount to 1.1 DALY. The pathogen-related burden of disease estimates obtained from the literature-based and the model-based approach individually are provided in Table 3 . More information on distinct combinations of exposure pathway and pathogen can be found in the Supporting Information.
DISCUSSION
This study estimated pathogen risk (expressed as burden of disease) associated with a model WWTS with intent to subsequently include the results in LCA. Following a number of sources of uncertainty and bias are discussed and an outlook for LCA practitioners is provided.
Sources of uncertainty and bias

Selection of model treatment plant, pathogens, and exposure pathways
This study is based on a specific model WWTS and a limited, non-exhaustive number of exposure pathways. Particularly, the model WWTS represents a scenario that features agricultural use of sewage sludge (i.e. land application) but does not consider agricultural use of wastewater effluent (i.e. wastewater irrigation). For a different WWTS configuration, some of the exposure pathways considered in this study may not be relevant whilst others may be missing (particularly in the case of water reclamation).
This study covered ten pathogens; however, depending on the context, additional pathogens may be of relevance. Furthermore, a given pathogen group consists of a great variety of pathogens which may behave differently. The calculation based on ten model organisms representing one pathogen group each is thus a simplification and introduces uncertainty. Nevertheless, the set of pathogens and exposure pathways considered in this study is deemed adequate to provide a rough estimate of the order of magnitude of the overall burden of disease associated with pathogens in wastewater and sewage sludge management in industrialized countries for the wastewater and sewage sludge management scenario chosen in this study (i.e. land application of sewage sludge, no water reclamation). In any case, the combination of literature-based and model-based estimates gives a more comprehensive picture than any single previous study (Table 3) .
Pathogen concentrations
Data on pathogen concentrations in raw sewage, effluent and sewage sludge are highly dependent on the prevalence of pathogens in a catchment, on the characteristics of transport and treatment processes, and on the configuration of the urban drainage system, the WWTP, and sludge handling. The pathogen concentrations used in this study consist of values taken from the literature and thus represent values sampled at different WWTPs in different countries in Europe and North America over a time interval of two decades. It is impossible to determine how representative these values are for the model WWTS underlying this study and there are three main sources of uncertainty and ambiguity. First, there are differences in how pathogens are counted and pathogen concentrations reported in the literature are hence reported in a number of different units. Common units are colony forming units (CFU), most probable numbers (MPN), plaque forming units (PFU), cytopathogenic units, or genome copies. This ambiguity also applies to dose-response models and parameters, which rarely specify explicitly which type of pathogen count they require as input data. Second, there are differences in the reference quantity of the carrier. Common reference quantities are liter, gram wet sludge, gram dry sludge, and gram dry solids. Third, it is sometimes unclear what for instance the term 'raw sludge' exactly refers to as it can be interpreted as either liquid sludge directly after primary or secondary settling, or as thickened sludge before further treatment such as anaerobic digestion. Ambiguity regarding wet and dry sludge can introduce an error of up to one order of magnitude in pathogen doses used as input to dose-response models. Ambiguity regarding pathogen counts can introduce an error of up to four orders of magnitude 34 in pathogen doses used as input to dose-response models. It is difficult, however, to estimate the uncertainty on the level of burden of disease estimates due to the non-linearity of the dose-response and severity assessment models.
Combined action of multiple pathogens and distinction of different receptors
The summation of burdens of disease associated with different specific types of pathogens implies the assumption that different types of pathogens act independently from each other.
Such independence is also often assumed for toxicity effects of chemicals. However, the effects of mixture toxicity are increasingly being discussed and investigated. 63, 64 In the case of pathogens, taking into account concurrent action of two or more pathogen types would require corresponding dose-response curves, which currently are not available. Hence the modeler in any case needs to resort to the assumption that different types of pathogens act independently from one another in the host. Similarly, it was not possible to distinguish between different receptors (i.e. adults and children); as severity factors describing the health impact of a specific pathogen type were not available for children, the respective severity factors for adults were used.
Severity factors
The aggregation of impacts resulting from exposure to different types of pathogens was achieved through weighting the contributions from different pathogens using severity factors expressing the burden of disease per case of infection (or illness) in DALYs. These severity factors are population-specific, that is, they are calculated for a specific country and population group. Furthermore, severity factors may include value-laden aspects such as age weighting and future discounting. 31 Using severity factors from one country or population group to represent a different population group or a similar population group in a different country introduces uncertainty as a different set of severity factors might be needed. Most severity factors used in this study were calculated for the Netherlands, but are here assumed to be representative for Europe and Northern America. Finally, the weighting of potential impacts of different pathogens inherent in the DALY concept means that a comparison of pathogen risk and other potential impacts on human health considered in LCA will take place at the level of endpoint indicators (see part 2 of this article series 29 for a more detailed discussion on the implications of this).
Outlook for LCA practitioners
This study was based on the idea of including pathogen risk in LCA through a hybrid assessment approach where the potential impact of pathogens on human health, for which currently no LCIA methodology exists, was quantified using QMRA. The approach taken in this study is similar to two earlier attempts towards inclusion of pathogen risk in LCA 28, 65 but covered substantially more pathogens and exposure pathways. Pathogen risk was expressed as burden of disease and estimated for a model WWTS based on QMRA models and QMRA results reported in the literature. Among the main challenges faced were lack of data as well as ambiguity and a lack of transparency in many previously reported QMRA studies. In many cases it was difficult, if not impossible, to reproduce the results reported in the respective studies. Despite the sources of uncertainty and bias discussed in this article, the combination of a literature-based and a model-based approach is expected to provide a fairly robust estimate of the overall burden of disease associated with pathogens in the order of 0.2 -9 DALY per year for the model WWTS serving 28,600 persons, and for the combinations of exposure pathway and pathogen covered in this study.
It is important to recall, however, that the pathogen risk estimated in this study refers to a model WWTS (i.e., primary, secondary and tertiary wastewater treatment, anaerobic sludge digestion, and land application of sewage sludge). In particular, this study was entirely based on pathogen concentrations and a set of exposure pathways described in the literature rather than the actual pathogen concentrations and exposure pathways characteristic of a specific site. The inclusion of pathogen risk in a site-specific LCA study through QMRA would presumably benefit from site-specific data on pathogen levels as well as actual transport, fate and exposure pathways and conditions applying to the specific plant rather than a model scenario. A site-specific study would furthermore rely solely on a model-based approach (for site-specific pathogen levels as well as fate and exposure pathways and conditions), and a literature-based approach would not be necessary. Yet the question remains whether QMRA models could be adapted in such a way that they require less site-specific data and hence produce risk estimates more akin to the risk estimates for other impacts on human health as modeled in LCIA with less site-specificity and less exposure pathways. Whether these issues and questions need to be addressed also depends on whether the inclusion of pathogen risk in LCA appears to be important, that is, if it can make up a significant share of the total potential impact on human health in wastewater and sludge management systems. Such a comparison is reported and discussed in part 2 of this article series 29 . Table 3 . Overall burden of disease estimates for the literature-based approach (five distinct previous QMRA studies), the model-based approach, and the combination of the two approaches. --- § P = number of pathogens covered in the respective study, numbers in parentheses refer to the number of pathogens where severity factors are available; E = number of exposure pathways covered in the respective study; P*E = number of combinations of pathogens and exposure pathogens covered in the respective study. ° Low and high values are a result of the ranges provided in the previous QMRA studies (literature-based approach) and parameter uncertainty (model-based approach), and in most cases represent 5% and 95% percentiles.
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